The purpose of this paper is to describe practical methods used by the Office of Surface Mining to evaluate environmental impacts from a landslide and devise a mitigation strategy. On January 27, 2005, a 10-hectare (25-acre) landslide occurred on a steep mountainside at High Point Mountain in Scott County, TN. The landslide included spoil from a pre-law contour coalmine and a reclaimed cross-ridge coalmine. Sediments from the landslide washed into Smoky Creek, a tributary to New River, which flows into the Big South Fork of the Cumberland River. Initial suspended sediment concentrations below the landslide were about 5000 mg/L, while total sediment concentrations peaked at about 24,000 mg/L. After 4 months, the landslide had stabilized and suspended sediment concentrations fell to less than 10 mg/L. Sand and gravel sized particles settled out within 610 m (2000 ft) below the landslide tributary, while fine silts and clays were carried over 32 km (20 miles) downstream. Groundwater from the adjacent mine spoils was modeled using the USGS MODFLOW software; results indicated mine spoil discharges would reach equilibrium within 292 days. Acid-base accounting accurately predicted no acid mine drainage would occur. Stormwater was modeled using the TVA TENN-I double triangle model, and net sediment erosion was modeled using the ERODE-I model. Model results compared well with actual field data and should be useful in evaluating other landslides. Biological evaluations were conducted on the impacted stream and compared to adjacent streams to show area productivity. Steams were sampled for fish, benthic invertebrates, crayfish, and amphibians by biologists with the Tennessee Wildlife Resources Agency, National Park Service and Tennessee Valley Authority. Aquatic life, while initially smothered, had begun to recover after 22 months. The NRCS WEPP model was used to evaluate different mitigation strategies. Mitigation consisted of seeding the landslide with grasses, planting trees, and implementing vegetative filters. In conclusion, the landslide resulted in an intense short-term release of sediments similar to a construction site, which subsided in about 3 months. Models proved satisfactory in estimating impacts.
The objective of the study was to try to quickly answer these questions using whatever data, models, and literature was available.
Background
The landslide occurred in a remote area with no roads or dwellings ( similar to a pre-law surface mine where spoil was dumped over the out-slope (Fig. 3) . The landslide material was primarily natural soils and rocks but there was some coal spoil material and some coal fines. 1) Take water, sediment, and biological samples.
2) Conduct a literature search to identify projects, data, and models of the New River basins.
3) Inventory water users to evaluate the important resources downstream of the site. 4) Evaluate data using valid statistical methods.
5) Apply models to characterize the event and make predictions. 9) Solicit peer review from other agencies.
Prior to the sediment study, OSM reviewed the concepts and procedures for evaluating fluvial sediments (Porterfield, 1972; EPA, 1976; Guy, 1978; Horowitz, 1991; Simons, 1992; Waters, 1995; Cohn, 1995; Radtke, 1997; Edwards, 1999; Stump, 2001 , Runkel, 2004 . Procedures were conducted according to the U.S. Geological Survey (USGS) National Field Manual for the collection of Water Quality Data, Book 9 A1 -A4 and A6 (USGS, 2004) . Field parameters were taken with a Horuba model U-10 multi-probe meter, 0.45µ QED disposable pressure filters were used to separate solids. Stream flow measurements were taken using a Marsh-McBirney model 200 flow meter following the procedures of the USGS (Buchanan, 1976; Carter 1989) .
Suspended sediment in receiving streams were collected using a USGS DH-48 isokinetic glass bottle sampler (Edwards, 1999, p. 9) and bedload was collected using a cylinder pushed to 1 to 2 inches into the sediment or by collecting an entire discharge from a chute using a bucket.
Settleable solids were measured in the field using an Imhoff Cone. Bulk bedload samples were put in plastic bags, frozen, and then sent to the lab.
Literature Review
A review of the literature showed many papers on the occurrence, causes, and repair of landslides; but little or no research on models to predict hydrologic impacts. OSM was able to obtain numerous references on erosion and sedimentation rates to use in comparing landslide impacts to other land uses. Perhaps the most useful result of the literature review was finding runoff, erosion, and sedimentation models to use in predicting hydrologic impacts from future landslides.
Inventory and Data Collection
There were no structures or water users for several kilometers downstream of the landslide.
Therefore, the primary effects from the landslide would be felt by aquatic life within the stream. 2) Total Suspended Solids (TSS) is the weight of sediment per volume of an aliquot subsample of the sample bottle. It is reported as mass/volume (mg/L). This method tends to under-estimate the sand size particles since these particles often settle out in the bottle or do not fit in the nozzle of the pipette (Gray, 2000) .
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3) Suspended Sediment Concentration (SSC) is the mass of sediment per volume sample; reported as mg/L. It differs from TSS in that the entire sample is measured, not just a subsample. The USGS considers this more representative than TSS (Gray, 2000) .
4) The transition zone or zone of saltation (Fig. 5 ) was sampled in a chute on a few occasions to determine total sediment load. 5) Bedload transport was not seen to be occurring in the tributary drainage for the storm events that occurred during 2005, therefore none were reported. Most streams in the area are incised in bedrock. 
Results

Water Quality Sampling
Sampling of the landslide material revealed that the material was non-acid forming and nontoxic. Composite rock samples were taken on the landslide and sent to the laboratory for standard Acid/Base accounting. Results showed the material is alkaline + 0.0044 kg CaCO 3 / 1 kg material or + 4.4 tons CaCO 3 per 1000 tons material, with paste pH 6.7, and < 0.1 % S. These values are typical from mines in this region.
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The table below summarizes the general water quality of the drainages above and below the landslide. Discharges were alkaline with low levels of dissolved solids. Biological Sampling
Smokey Creek has had biological investigations conducted over a long period of time with different study objectives for each survey. These data show trends were variable with overall evidence that organisms are trying to re-populate areas that were formerly impacted and formerly had reduced species richness.
Invertebrates and Amphibians. Lokey (1977) Park Service (NPS) biologist reviewed the raw data and prepared this report, the NPS intends to continue to participate with future data collections.
The scores for 2000 and 2004 were similar and reflect a creek that has good biodiversity and was recovering nicely from previous coal mining disturbances. We intended on collecting a similar data set immediately after the landslide, but rain events and scheduling crew members was a problem. Table 2 below shows the raw scores. technical support for data collection. Species richness data indicated that at the time of the survey, streams were supporting the expected organisms that would occur in the area. However, the biological data was collected 22 months after the landslide event and this period of time was very likely a factor in allowing organisms to recover from the immediate impacts. The streams that were surveyed ( Species richness were collected for crayfish, amphibians, reptiles, fish, and aquatic invertebrates but not all of the data is available at this time. Mussels were searched for, but none were found, and they were last reported to occur in Smokey Creek in the mid-1950s by area residents. Crayfish were surveyed and 24 were found in Asher Fork, 26 in the un-named tributary and 22 were found in Smokey Creek, only one species of crayfish was found, the boxclaw crayfish, Cambarus distans. Surveys were conducted for reptiles and amphibians and the results included spring salamanders, two-lined salamander, and green frogs. The fish data shows an increasing trend for diversity as time increased from the period of intense mining activity in the 1950's and 1960's. The landslide may have set the recovery back, but data was not collected in a timely manner that would have reflected this condition due to 588 weather and scheduling problems. Immediately after the landslide, Smokey Creek had visible signs of a heavy sediment load, which likely had impacts on the aquatic fauna. The data did reflect the species of fish had dropped by 50% at the time of sampling from the previous sampling in 1996. A 50% reduction in fish diversity 22 months after the event strongly indicates that a significant impact occurred, and that further monitoring is needed to document the recovery process. Asher Fork (Site B) had five species of fish, Smokey Creek (Site A) had nine species, and Smokey Creek below the landslide (above A) had ten species of fish. All sites were within a couple kilometers of each other, and located toward the headwaters.
Biological Assessment Conclusion. Biological diversity was likely affected by impacts due to the physical elements of the landslide increasing sedimentation to the creek and not by altering the water chemistry. Over time, the creek should return to previous levels of species richness and with implementation of practices that reduce sedimentation. Species richness should continue to increase to mimic levels that exist in recovered systems on the Cumberland Plateau. Additional monitoring is needed to report recovery status.
Modeling
Ground Water Modeling
The landslide disturbed about 10 hectare (25 acres) out of the 47 hectare (117 acre) tributary watershed. Unfortunately, there are very few stream-flow gaging stations in the area. Therefore, flows in the tributaries, Smoky Creek, and New River had to be calculated by various models.
Groundwater discharge was calculated using the USGS hydrograph separation programs -RECESS, RORA, and PART (Rutledge, 1993) . These programs take USGS daily stream-flow data and separate the baseflow component. Base flow percent for drainages near the landslide were calculated (Table 4) ; the median baseflow was 48 %.
During periods when there was no precipitation, water continued to flow from the landslide.
Further examination revealed that much of the water was coming from springs at the escarpment of the landslide. These springs were draining from a reclaimed mine at the top of the mountain that the landslide had cut into. Concern was raised whether these springs might feed the slide year round, and therefore, cause muddy conditions during summer low flow season. OSM wanted to estimate how long it would take for the mountaintop spoils to drain and reach a new The groundwater conditions at the site can be described as either quasi steady-state or transient. Initially when the landslide occurred, the backfilled mine spoil and outslope water table were at a dynamic steady-state condition where discharge was directly proportional to the past recharge rate and aquifer properties (Fig. 9A) . However, when the slope failed, the flow became transient, that is, it immediately began to try to establish a new dynamic equilibrium (Fig.   9B ). During this time, the groundwater discharge rate increased dramatically because the hydraulic gradient was steep due to the head-cutting into the saturated spoil. Eventually the landslide will re-establish a new steady state (Fig. 9C ) and the groundwater discharge rate will return to near pre-landslide rates. Discharge measurements from 3/21/05 showed the landslide body was producing 16.9 cubic feet per second per square mile ( Since there are no monitoring wells at the site to obtain starting heads, MODFLOW was used to set up a steady state model of groundwater flow with conditions prior to the landslide. The boundary conditions were adjusted to obtain a reasonable simulation of what field conditions appeared to be. After the model was run, the resulting hydraulic gradients (heads) were saved in a separate file for use in the second model. For the second model, the boundary conditions were changed to reflect the landslide face cutting into the backfilled spoil at the top of High Point Mountain (Fig. 10 ). A transient model was then run to simulate the dewatering of the saturated spoil over a two-year period. A sensitivity analysis was run to establish the accuracy of the model. As expected, the hydraulic conductivity affected the hydraulic head of the model; however, the time it takes to establish equilibrium was not affected significantly.
Figure 10. MODFLOW Grid Layout
The results (Fig. 11) show that most of the high groundwater flow occurred within the first month after the landslide event. By 146 days (4.8 months), the spoils were approaching equilibrium, and by 292 days (9.7 months), equilibrium was achieved. Since the landslide The difficulty in modeling the landslide occurs in the nature of runoff, non-Hortonian, and in the complexity of erosion and transport (rills, gullies, and sheet erosion). It was felt that the landslide closely resembled an un-reclaimed spoil bank at angle of repose, and therefore could be modeled using techniques developed in the 1970's for AML lands.
Synthetic hydrographs can be developed using techniques developed in the 1970's by TVA and others studying watersheds in the New River basin (Bowers, 1977; Troxler, 1978; Overton, 1978; Crosby, 1979; Betson, 1980) . The characteristics of the basins can be regionalized to determine the particular basin characteristics that govern flow rate, thus eliminating the need to simulate the watershed as planes. Researchers collected field data in central and eastern Where A is area in square miles, PF is percent forest, µ L is lag modulus, ie is weighted rainfall excess, T L is lag time in hours, and C are the coefficients found by regression.
Sediment loads from bare slopes can be estimated using a model developed for the New River
Basin (Crosby, 1979) . This model utilizes a lag modulus (see above) to characterize the Table 6 . LOAD-I model results Where PS is percent surface mined, µ is the lag modulus, L W is the load, µ w is the load modulus and the other coefficients are as above.
LOAD-I Model
C 1 PS C 2 PF C 3  w  w = C 1 (PS) -C 2 ()(
Mitigation
As expected, the sediment load from the landslide was very high. for. This is why the model was not used to predict sediment loads from the landslide. However, it was felt that this model could give relative rates of erosion for different management practices.
In looking at the various management techniques it was found that employing several 15 m (50 ft)
vegetative filter strips in addition to tree and grass seeding would be the most cost effective method to reduce sediment yields by 90 % over 6 years. Therefore, in 2005 OSM broadcast seeded 227 kg (500 lbs) of quick growing grass seed with an emphasis on establishing vegetative filter strips. Then in 2006, a contractor was hired to seed the entire landslide with native grass and shrub species at a rate of 227 kg (500 pounds) of seed over the 9.7 hectare (24 acres) area months, aquatic life has recovered and is now better than the adjacent unaffected stream.
